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The First Helicon Plasma Physics and Applications Workshop was held on September
23-24, 2021, through Zoom Cloud Meeting, instead of in an on-site gathering, due to the
COVID-19 pandemic. It was convened by Rod Boswell (I0C) and Guangnan Luo (LOC),
and organised by Lei Chang’s group. The workshop attracted 110 registrations and
~ 100 online audiences from ~ 30 affiliations. There were 33 presentations covering the
various fundamental physics of helicon plasma and its applications to space electric
propulsion, material processing, and magnetic confinement fusion. This paper highlights
the presentations, discussions, and perspectives given in the workshop, serving as
reference for the helicon community.
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1 INTRODUCTION

Helicon plasma has been attracting great interests since its first production in 1968 [1, 2]. Because of
its remarkable ionisation rate (100% in core region), high density (10'® - 10*° m ™), and electrodeless
feature, it finds various applications including material processing, space propulsion, magnetic
fusion, and fundamental plasma physics [3-13]. There are 840 and 2,394 records, respectively, with
“helicon plasma” in the title and topic from the Web of Science. However, to our best knowledge, the
“Mini-conference on helicon plasma sources” in 2008 is the only meeting until now held particularly
for this field [14]. Initially proposed to commemorate the 50th anniversary of the first publication of
helicon plasma (1970-2020) but delayed by the COVID-19 pandemic, the First Helicon Plasma
Physics and Applications Workshop (referred as HPPA-2021 hereafter) was organised on September
23-24, 2021, by the Institute of Plasma Physics, HFIPS, Chinese Academy of Sciences. It aims to
establish a professional and regular meeting for academic exchange, to promote the physics
understanding and application development of helicon plasma, as well as the collaborations
between research groups. The HPPA-2021 attracted 110 registrations and ~ 100 online
audiences from ~ 30 affiliations. This paper is devoted to highlighting the given 33
presentations in aspects of fundamental physics and emerging applications, the discussions on
controversial problems, and the perspectives regarding future research, which are of particular
interest for young scientists in the helicon community.

2 PRESENTATIONS

2.1 Fundamental Physics
Rod Boswell gave a review presentation on the history, mechanism, and future of helicon plasma. The
dispersion relation, E-H-W transition, wave damping, antenna excitation, and blue-core mode
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FIGURE 1 | lllustration of the interaction between electrons and helicon wave in phase space (A) and comparison between numerical and experimental electron
densities (B). Reproduced from [15], with the permission of AIP Publishing.
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FIGURE 2 | Variations of electron temperature (A), plasma density (B), and ion temperature (C) with antenna frequency and magnetic field strength. Reproduced
from [17], with the permission of APS Publishing.

during helicon discharge were introduced in detail. The  core research include radial electrostatic confinement, light
relationship between plasma density and input power can be  emission in phase axially, azimuthal instabilities driven by
approximated as: # o< VP (E mode), # oc P (H mode), and n o radial pressure gradients, and high-f effects.

exp(P) (W mode). One of the important claims he made Earl Scime shared insight into the processes responsible for the
regarding the helicon wave ionisation is that strong resonance  creation and heating of helicon plasma through the coupling of
occurs when the phase velocity of wave is close to the velocity of ~ RF energy into ions and electrons. [17-19]. He presented the
electrons, which promotes the ionisation significantly [15, 16]. By = measurements of ion and electron velocity distribution functions
trapping and accelerating these electrons that are just below the  in helicon sources as a function of antenna frequency, magnetic
ionisation threshold to just above the ionisation threshold, a  field strength, operating pressure, and radial location. It is
considerable increase in the ionisation rate can be achieved witha  observed that clear resonances in ion and electron energisation
small input of energy to the system. Figure 1A illustrates the  take place at specific, but different, antenna frequencies and
interaction between electrons and wave in phase space.  magnetic field strengths. Figure 2 illustrates the dependence of
Untrapped electrons with velocities initially higher than the  electron temperature, plasma density, and ion temperature on
threshold travel to the right, whereas electrons initially lower  antenna frequency and magnetic field strength [17]. Notably, the
than the threshold travel to the left; trapped electrons travel  particle energisation is also anisotropic and depends on the
clockwise in circles. The computed electron density is also  direction of the applied magnetic field [20, 21]. Moreover, it is
compared with experimental measurement, shown in  suggested that edge electron heating, which would be expected for
Figure 1B, indicating good agreement. Suggestions for blue-  slow wave damping, creates an energetic electron population that
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FIGURE 3 | llustration of two different flux mapping scenarios in Proto-
MPEX (A) and the corresponding magnetic field strength profiles (B).
Reproduced from [24], with the permission of IOP Publishing.

travels downstream along the expanding magnetic field and sets
up an ambipolar potential that then accelerates the ions out of the
plasma core in low pressure helicon plasmas, forming a ring of
fast electrons around an ion beam in the core. These
measurements of deep physics provide an interesting and
inspiring picture of helicon ionisation procedure.

Juan Caneses reported plasma-induced surface heat fluxes
incident on the helicon window during high power operation
(60—-150 kW net power), oriented for the design of the upcoming
material plasma exposure experiment (MPEX) [22-24]. He
introduced the infrared imaging system and associated physics
models for the extraction of surface heat fluxes. The control of
plasma strike point via magnetic flux mapping and dedicated
limiters performs effectively in terms of reducing heat loads on
the dielectric window. Figure 3 shows the employed flux
mapping scenarios and corresponding magnetic field strength
profiles. It is claimed that the flux mapping must create a gap
between the plasma and the dielectric window of at least the
plasma radial decay length. This scheme could reduce the power
lost to the dielectric window by 33% if extrapolated to 200 kW.
These findings are of particular interests for the design of high-
power helicon plasma sources operating in steady state, e.g., linear
plasma-material interaction (PMI) simulators, electric thrusters,
and negative ion sources. Moreover, the presented infrared
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imaging system with heat extraction model could find
applications in other fields as well.

Lei Chang first reviewed the five popular hypotheses: (1)
collisional damping [25], (2) Landau damping [25, 26], (3)
electrostatic ion-sound instability/turbulence [27-29], (4)
helicon-TG (Trivelpiece-Gould) conversion [30], and (5)
radially localized helicon (surface-type) [31], regarding the
ionisation mechanism of helicon plasma. It is commented that
(a-c) are generic phenomena for plasma discharge and
insufficient to support the remarkable ionisation rate and high
density of helicon sources, and more attention should be paid to
(d-e) which involves the critical parameter of confining magnetic
field that promotes the density jump from inductively coupled
plasma to helicon mode; further, (4) and (5) rely on density
magnitude and density gradient, respectively, and optimum
discharge may be achieved when the required density
magnitude comes across with the largest density gradient at
the same location. Then, the sign (positive or negative) and
zero-crossing position of second-order density gradient are
shown to effect the power absorption profile significantly,
consistent with (5) [32-34]. Moreover, it is suggested that the
power deposition profile could be shaped by designing the
antenna of particular geometry to excite the required axial
current  distribution,  considering  their = resemblance.
Interestingly, the spectral gap and gap eigenmode (Figure 4
shows an example) of helicon wave propagating in a periodic
structure with local defect are also introduced [35]. This talk
suggests new directions for fundamental helicon research and
antenna optimisation in experiment.

Shogo Isayama presented a self-consistent fluid model. It
includes neutral dynamics and could certify several important
temporal behaviors of power absorption, flux balance, and
density jumps in high-density helicon plasma. The computed
results agree well with experimental data [36, 37]. Figure 5 shows
the spatial profiles of electron density, electron temperature, and
power absorption at three subsequent times: 12 us, 30 ps, and
122 ps. It is claimed that there exists a cutoff density above which
helicon wave becomes prominent and strong coupling between
helicon and TG modes yield more power deposition towards the
core. The dynamic behaviors of helicon discharge involving the
effect of neutral dynamics were discussed in detail. It shows a
clear procedure of equilibrium establishment and helps the
understanding of helicon-TG conversion.

Mingyang Wu introduced a numerical study on the mode
transition and discharge process of helicon plasma [38].
Simulations are conducted through a recently developed code,
i.e., Peking university helicon discharge (PHD). The computed
physics include ionisation process, particle transport, power
deposition, and mode transition. It is claimed that large-
amplitude standing helicon waves are responsible for the
mode transitions during helicon discharge, similar to the
concept of a resonant cavity for laser generation. Moreover,
this resonance theory could explain several key questions
regarding helicon plasma and guide plasma production in
experiment. More interesting and deep findings are expected
from the PHD simulations in the future.
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FIGURE 4 | Gap eigenmode of helicon wave propagating in a periodic structure with local defect. Reproduced from [35], with the permission of IOP Publishing. (A)
Longitudinal profiles of the static magnetic field (solid line) and the rf magnetic field on axis (dots), together with the theoretically calculated envelope (dotted line); (B)
longitudinal profile of the rf electric field (on-axis) (vertical dot-dashed line marks the defect location, and solid horizontal bar marks the antenna); (C) resonance in the
dependence of the on-axis amplitude of the rf magnetic field on driving frequency at the location of the defect; (D) 3D plot of the on-axis wave field strength.
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FIGURE 5 | Computed profiles of electron density (A-C), electron temperature (D-F) and power absorption (G-I) at t = 12 us, t = 30 us, and t = 122 ps.
Reproduced from [36], with the permission of AIP Publishing.
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Yunju Chang studied the temporal evolution of helicon
discharge based on drift-diffusion equations [39]. It is found
that electron density and temperature arrive steady-state around
100 ps and 1.5 us, respectively, while electric and magnetic wave
fields arrive steady-state around 2 ys. The steady-state electron
density and power absorption profiles exhibit consistency with
previous experiments and computations, validating the presented
work. Parameter studies illustrate that high background pressure,
confining magnetic field, and RF power are beneficial to obtaining
high-density helicon plasma, especially the blue-core mode, while
the driving frequency has little effect. Although these COMSOL
Multiphysics simulations show interesting results, future effort
may be devoted to PIC simulations to reveal more details about
helicon plasma establishment.

Ruilin Cui talked about the experimental results of discharge
characteristics and heating mechanism of argon helicon plasma
in different wave modes from Langmuir probe, magnetic probe,
and local optical emission spectroscopy (LOES) [40]. It is shown
that there exist three or four distinct wave modes (i.e., number of
half-wavelengths along the axial direction m, =1, 3, 5, or 7) under
different operating conditions. The lowest wave mode has a
travelling wave structure of smaller wavelength from the
antenna center to the downstream, while the other wave
modes are all characterized by complex wave structure of
standing wave in the downstream of the antenna and traveling
wave in the upstream, respectively. Moreover, the azimuthal
electron heating of standing wave is dominant in most wave
modes except the lowest wave mode for which the wave-electron
coupling of traveling wave dominates. The existence of higher
distinct wave modes looks very interesting, together with the
different features of wave propagation, although their underlying
physics may need further exploration in the next steps.

Tianliang Zhang showed the effects of neutral depletion on the
blue-core helicon discharges of nitrogen (N,) and oxygen (O,)
[41]. For N,, the main species in the core are N,, N3, N, and N*,
while for O, the dominant species are O and O". The dissociation
energy of O, is lower than that of N,, leading to lower magnetic

field and RF power required for blue-core establishment. Neutral
pressure affects the discharge characteristics through electron
temperature. The main processes inside blue core are molecular
excitation, molecular dissociation and atomic excitation for high
pressure, and atomic excitation, atomic ionization, and ionic
excitation for low pressure. A pressure balance model between
particles and magnetic field reveals that ionisation rate and
neutral depletion are high in the core, and the strong
diamagnetism of electrons gives rise to the formation of small
magnetic well there. Figure 6 displays the radial profiles of ion
pressure and neutral pressure. The blue-core formation is claimed
to be caused by the central electron heating of helicon wave and
the local electron kinetic property from high magnetic field. To
confirm this, however, detailed mathematical and physical
modelling is required and awaits future research.

Hao Liu described a planar helicon plasma source with four-
ring antenna for the linear experimental advanced device (LEAD)
(Figure 7) [42, 43]. The diameter of the largest ring is 0.32 m. A
special feature of the source lies in that the antenna is placed over
the cross-section at one end of the vacuum chamber. RF power is
fed from the antenna into the chamber through a quartz window
of diameter 0.34 m. It is reported that low power threshold of
150 W for H-W transition has been experimentally confirmed.
The high performance of this large-area helicon source is also
demonstrated by the plasma density of >10 m™ and
generation efficiency of >30 x 10'* W', This makes LEAD a
promising device for fundamental plasma physics and PMI
relevant research. More physics results are expected from this
specially designed machine.

Xin Yang delivered a talk on a recently designed and
constructed device, i.e., physics and thruster oriented helicon
research (PANTHER) [44, 45], to study the fundamental
physics of helicon plasma with potential applications to space
propulsion. One of the special features is that the antenna
wrapping around quartz tube is immersed in a vacuum to
simulate the space environment. The magnetic field produced
by three sets of liquid-cooled solenoid coils is highly flexible
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FIGURE 7 | LEAD (linear experimental advanced device). Reproduced from [43], with the permission of IOP Publishing.
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with strength up to 0.18 T. The downstream plasma density,
light emission, and plasma impedance are characterised in
detail. Dynamic transitions from regular helicon mode to
blue and blue-core modes are also observed and measured by
argon-ion line (Ar II 480 nm) emission. It is shown that the
input power and magnetic field strength are key factors
determining the blue-core formation, while higher magnetic
field and lower pressure result in better power coupling during
helicon discharge. The vacuum environment outside quartz
tube is indeed necessary to study problems such as heat for a
helicon source in space.

Chenyao Jin narrated the development of helicon detachment
test source (Hi-DTS) constructed to investigate the physical
processes of sheath formation related to divertor detachment
in fusion devices. Two sets of Langmuir probes and a LIF
diagnostic system are installed to explore the discharge
characteristics and mode transitions. The effects of neutral
pressure, magnetic field strength, and input power are
measured and consistent with previous studies. The
diagnostics of Hi-DTS could provide comprehensive spatial
profiles of electron and ion parameter distributions. It is
shown that the electron density and electron temperature can
be up to ~3x 10" m™ and ~ 3 eV, respectively. This enables
Hi-DTS to be a divertor simulation platform for future
investigation on physical behaviors of detached divertor
plasmas. Retarding potential analyser and B-dot probes may
be required for more detailed measurements.

Chishung Yip revisited the known fast sweep Langmuir probe
techniques in a uniform, quiescent multi-dipole confined hot
cathode discharge with two operation scenarios: the probe
sweeping frequency is much lower or greater than the ion
plasma frequency. Distortions of I-V traces at high frequencies
are not observed in the degree previously claimed to be the ion-
motion limitation effect, unless that shunt resistance is
sufficiently high. Comparison between high-speed dual
Langmuir probe and single probe demonstrates that the
capacitive response could be removed through subtracting a

load line for the single probe, which then works effectively as
the high-speed dual Langmuir probe. However, the high-speed
dual Langmuir probe remains advantageous for better recovery of
weak current signal in low-density plasmas. These deep
comprehensions and findings offer inspiring knowledge for the
usage of Langmuir probe.

Yong Wang designed a high-resolution laser Thomson
scattering (LTS) system to diagnose low-pressure plasmas. A
homemade triple gratings spectrometer (TGS) has been
elaborated to physically block strong stray light and accurately
measure electron temperature (T,) and electron density (#,). The
spectral resolution can be up to 0.07nm in full-width-half-
maximum at 532 nm, allowing the measurement of T, as low
as 0.1 eV. The limit of n, detection is around 1.0 x 10'7 m™,
benefiting from the great suppression of stray light. There is a
software specially designed to automatically process the complex
LTS spectra distorted by TGS and to determine T, and #, in real
time. This LTS system has been employed successfully for
cascaded arc plasma [46, 47], nanosecond pulse discharge
plasma [48], and RF plasma (Figure 8 shows the experimental
setup) [49]. The employment of LTS system to precisely measure
the temperature of helicon plasma is also possible, exciting, and
expected in the ongoing work.

Haibao Zhang employed retarding field energy analyzer
(RFEA) to study the ion energy evolution in argon helicon
plasma. The ion density and ion energy are measured in the
plasmas excited by loop and right-helical antennas,
respectively. The influence of discharge parameters,
i.e., input RF power and background pressure, on the ion
energy evolution is explored. It shows that for E and H modes
the peak of ion energy increases with RF power, whereas for W
mode the peak drops with power, and it drops again when the
discharge further transits to blue-core mode. The change of ion
energy during mode transitions is consistent with plasma
density, although the trend is opposite. Detailed modelling
is required to show the underlying physics, which may be
underway.
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from [56], with the permission of IEEE Publishing.

FIGURE 9 | Electrodeless acceleration schemes: (A) rotating magnetic field, reproduced from [54], with the permission of JSPF; (B) m = 0 half cycle, reproduced

2.2 Emerging Applications

Shunjiro Shinohara overviewed the studies on various-sized
helicon plasma sources and their application to plasma
thrusters under the helicon electrodeless advanced thruster
(HEAT) project [50]. The characteristics of very large (up to
0.74 m in diameter and 4.86 m in axial length [51]) or small (from
0.02m to 0.0005m in diameter [52, 53]) sources driven by a
broad range of frequency (7-435 MHz) are presented, together
with their plasma thrust performance. These sources exhibit
excellent performance in terms of particle production
efficiency, and can be utilised to study electrostatic drift
instabilities with high-pressure gradient and high-8 (8 ~ 1)
physics. Electrodeless acceleration methods of rotating
magnetic field [54, 55] and m = 0 half cycle [56] are also
introduced. Figure 9 displays the schematics. Emphasis is
given particularly to the importance of diagnostics, including
laser induced fluorescence, tomography using high-speed camera
with interference filters (involving a collisional radiative model to

deduce electron temperature and density [57]), and various thrust
stands. These innovative explorations on the size limit of helicon
plasma source and electrodeless acceleration schemes are very
impressive and may inspire new applications.

Kazunori Takahashi clarified the thrust generation and loss
processes by the direct thrust measurement and individual
measurements of the force exerted to magnetic nozzle via
electron diamagnetic Lorentz force and the force exerted to
radial wall [58-61]. Figure 10 shows the measured plasma
pressure profile and particle dynamics relating to the loss of
axial momentum [62]. It is claimed that the propulsive magnetic
nozzle (increasing thrust) is essentially caused by the
diamagnetism of plasma flow (decreasing axial magnetic field
and diverging magnetic nozzle), and the plasma flow state
stretching magnetic nozzle has not been observed
laboratory experiments. The stretch of magnetic nozzle occurs
at the axial location of Alfvén Mach number less than unity, with
the diamagnetic momentum gain maintained near the thruster

in
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setup, (B) typical image. Reproduced from [68], with the permission of IEEE

exit [63]. The presented model qualitatively explains this stretch
of magnetic nozzle, while the change of magnetic field strength is
a few percent of the applied magnetic field. Moreover, the pure
interaction between electron gas and magnetic nozzle is studied
based on a specially constructed experiment, by removing the
electric field from the system [64]. Electron energy probability
functions are measured precisely, revealing the adiabatic
expansion of electron gas without electric field [65, 66]. The
status of thruster performance and new application of plasma
thrusters to active space debris removal are also introduced.
These detailed studies on the interaction between plasma and
magnetic nozzle, with respect to thrust optimisation, show very
deep physics and inspiring findings.

Kuan Qiao proposed a confining criterion for plasma plume in
magnetic nozzle via the theory of adiabatic loss separation. It is a
dimensionless parameter (Q = r;VB/B,) and can visually reflect
the strength of magnetic field confinement and the behavior of
plasma in the magnetic nozzle. Combined with COMSOL
Multiphysics simulations, experiments are carried out to

explore the effects of magnetic field strength and gradient on
the plasma confining effectiveness and the relationship with the
confining criterion through adjusting coil current. The validity of
this confining criterion may need further experimental
confirmation, which will be possibly seen in the upcoming
publication.

Zhen Wang exhibited a miniaturized helicon plasma thruster
of mN class. The inner diameter of discharge cavity is in scale of
mm. Successful ignition in a vacuum environment is achieved
based on a suitable RF source with customized matching box. A
thrust frame (suspended target type) is designed to measure the
thrust indirectly. The elastic element of connection between
movable and fixed frames uses pivot. Polycarbonate serves as
the target surface material. Closed-loop control is realized
through a PID (proportional, integral, derivative) control
circuit. Calibration of the thruster shows good linearity, which
paves the way for practical thrust measurement. This is perhaps
the smallest helicon source developed in China and most close to
space applications.
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Tianyuan Huang researched wall conditioning and surface
treating based on high magnetic field helicon experiment
(HMHX) [67]. The HMHX can generate steady-state high-
density plasma with relatively low electron temperature, a
promising candidate to simulate the edge plasma in fusion
reactors and to study PMI problems including impurity
transport, sputtering, co-deposition, fuel recycling, and
retention. Its magnetic field compatibility and wide range of
excitation frequency are technically validated on the
experimental advanced superconducting tokamak (EAST),
through self-designed helicon antenna modules [68]. Figure 11
shows the experimental setup and typical image for toroidal field
strength of 0.5 T, RF power of 20 kW, and He pressure of 0.27 Pa.
Moreover, through HMHX, tungsten nitride and carbon-based
(vertical graphene nanosheets and multi-wall carbon nanotube
arrays) functional films are synthesized respectively on silicon
substrate by physical sputtering and chemical vapor deposition
techniques with high deposition rate at room-temperature [69-71].
This work represents the first application of helicon plasma for
Tokamak wall conditioning in China, an interesting exploration of
great practical value.

Jingchun Li investigated helicon wave heating and current
drive in toroidal plasmas by the ray-tracing code GENRAY
[72-74]. Tt is found that increasing poloidal launch angle does
not vary the absorption rate of helicon wave, but rather moves the
peak of wave absorption towards the core of plasma. Frequency in

range of 460-480 MHz shows little effect on wave absorption.
Varijations of the peak position and magnitude of wave power
deposition with launched parallel refractive index are also
presented, for low and high plasma parameters, respectively.
The driving current increases with temperature but oppositely
with density in the core. Ohmic current does not change the
helicon current drive efficiency significantly, but moves the
driven current toward the core and results in narrowed width
of current profile. Figure 12 illustrates the helicon wave
trajectories and profiles of driven current for different plasma
parameters. This work serves as a reference and theoretical basis
for the experimental implementation of helicon wave heating and
current drive in tokamaks such as HL-2M and EAST.

3 DISCUSSIONS

3.1 lonisation and Blue Core

There are also discussions on the ionisation mechanism and blue-
core phenomena of helicon plasma over the chatline of Zoom
Cloud Meeting. We summarise them below by person so that the
presented opinions are traceable.

Rod Boswell:
e In my PhD thesis, the collisionless damping of electrons was
shown to be ineffective for heating. However, Bert Ellingboe
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showed by fast spectroscopy that wave particle trapping is
clearly responsible for the excess ionisation [75]. Actually, the
same thing was shown experimentally by Hong-Young Chang
at KAIST [76, 77].

e Regarding the edge heating, this will occur simply through the
skin depth (evanescent wave) of the RF antenna. If you
measure away from the antenna there is no edge heating,
just the blue core. But as I mentioned, the helicon needs to do
effective work on the electrons and this is best seen when the
wave accelerates electrons having an energy just below the
ionisation energy to just above the ionisation energy. Faster
and slower waves will still interact with the electrons and can be
used for current drive but they do not produce the sudden
jump to the blue mode in argon.

e Qur last measurements on the WOMBAT (waves on
magnetised beams and turbulence) [78] strongly suggested
that the long blue column extending 1.5m from the source
is produced by fast electrons coming from the source, which
generates local ionisation [15, 16].

Xuan Sun:

e Several years ago, we had an antenna on one end of a mirror
machine (10 m in length), and we successfully obtained blue
core in the central cell of the mirror. The formed blue core is at
least 7 m in length. At that time, we believed that it was the
wave to cause ionisation. This made sense when we measured
the axial density profile and the time delay of plasma
generation from central cell to antenna.

o The helicon plasma was used to fill up the chamber. The blue
core could be 10 m long from one end to the other end of
machine. Later, we found that it could be the longest blue core
observed in experiment. Unfortunately, we terminated and
didn’t really study it. The input RF power was 2 kW and the
working gas was hydrogen.

Saikat Thakur:

e I concur with Rod Boswell. We also found fast electrons in the
blue-core mode. On the CSDX (controlled shear decorrelation
experiment) device [79], we got blue cores of about 2m in
length and ~ 0.02 m in radius. The employed conditions
include ~2 kW, ~0.14 T, ~ 3.5 mTorr at 25 sccm, and
the working gas was argon. When we did radial particle flux
measurements, we found a radial particle transport barrier
formed along with the blue core. I think that the radial
transport barrier defines the radial extent of blue core. We
also found another helicon mode of broad size but without blue
core (we found CCP-ICP-Helicon in this case too, but there
was no well defined blue core), which does not have radial
transport barrier.

Lei Chang:

e Ellingboe’s paper shows similar phase between energetic
electron current and electron density [75], but the fraction
of contribution is not shown. Is it possible to have other
contributions besides wave-trapped energetic electrons?

e It is indeed extraordinary to have such a long distance of blue-
core column, and the electrons can bring energy far away from
the source. Is this axial extension caused by standing
eigenmode or any mysterious “remote confinement”?

Helicon Plasma Physics and Applications

¢ I am wondering what causes and confines such a long-distance
plasma column (blue core). The magnetic field is diverging
from the end to the mid-plane of magnetic mirror and from
source to downstream so that cannot be the reason.

e Another thing I am curious about is the upper pressure limit
for helicon discharge; this is important for air-breathing
electric thruster. Could anyone please provide comments or
information about it?

¢ For students, the following links may be useful, and I suggest
they read early references as many as possible to save time
instead of repeating too much others’ work.

- Helicons and Their Surface Modes,
heliconrefs.com
- Helicon Plasma, http://legolas.ece.wisc.edu/helicon.php

http://www.

3.2 Questions and Answers

To create a quiz show environment, we collected questions
beforehand from the helicon community. The following
questions are from students and answered by Rod Boswell.

¢ When was the exact time that you first succeeded in helicon
discharge?
- In 1968, in the third year of my PhD. It was in a 0.05m
diameter tube and the central column was so intense it
melted the top of the tube!

e How did you come to the idea of double-saddle antenna
design?
- To get power into the centre of the magnetised column
using the radial component of the m = 1 wave field.

e What is the biggest jump that you made based on previous
studies?
- Showing the wave fields of the electromagnetic whistler
and the resonance cones forming a TG mode using a small
0.01 m diameter antenna.

e What is the general requirement of a helicon antenna?
- To be broad band and to produce a radial magnetic field.

¢ Do you agree with the theory of helicon-TG conversion for
ionisation?
— There is no theory of helicon-TG conversion and no
experimental evidence.

e What is the biggest progress regarding helicon research
since 1970?
- Making people believe the experimental results.

e What are your suggestions for young scientists in this field?
— Test everything.

e Is it practical to apply helicon double-layer thruster in the
future?
- Under certain conditions, yes. Kazunori Takahashi has
managed to get 50 mN!

e Is it possible to obtain another density jump beyond
helicon?
- No, there are problems with ion pumping so with higher
power you just get higher ionisation states, like in a
Tokamak.

e How to study the high-f effect of blue-core helicon plasma?
— Pulsing. Check our paper [80].
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4 PERSPECTIVES

The phrase “blue-core” has been used widely in helicon references
for argon discharge in particular; however, it may be generalised
to “bright-core” to cover the common physics for other working
gases as well, such as helium and nitrogen. Along with the
helicon-TG conversion and energetic electrons, this “bright-
core” phenomenon also remains as a challenging topic,
attracting great research interest. This special discharge mode
could manifest the essential physics of helicon-TG conversion
and collisionless wave-electron interaction. Hence, it deserves
special attention from the helicon community. As suggested
previously, the characteristics of “bright-core” could be
decomposed spatially into radial electrostatic confinement,
light emission in phase axially and azimuthal instabilities
driven by radial pressure gradients, together with high-S
effects, showing the directions for future research. From the
perspective of applying “bright-core” plasma to space
propulsion and fusion-related PMI simulation, which require
high and stable particle flux, effort should be also given to the size
enhancement (diameter and length) and precise establishment
(routine and reliability) of “bright-core” formation.

Future research can be also devoted to the direct identification
of TG mode in experiment, which is a missing part for the
helicon-TG conversion although challenging because of very
small wavelength. To optimise the helicon source, the helicon-
TG conversion and surface-type hypotheses might be combined,
as pointed earlier; the required density magnitude if it occurs at
the location where the second-order density gradient vanishes
may yield best power coupling and ionisation efficiency. A fully
consistent model covering the ionisation procedure, power
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